The domain configuration of 50 nm thick La 0.7 Sr 0.3 MnO 3 films has been directly investigated using scanning electron microscopy with polarization analysis (SEMPA), with magnetic contrast obtained without the requirement for prior surface preparation. The large scale domain structure reflects a primarily four-fold anisotropy, with a small uniaxial component, consistent with magneto-optic Kerr effect measurements. We also determine the domain transition profile and find it to be in agreement with previous estimates of the domain wall width in this material. The temperature dependence of the image contrast is investigated and compared to superconductingquantum interference device magnetometry data. A faster decrease in the SEMPA contrast is revealed, which can be explained by the technique's extreme surface sensitivity, allowing us to selectively probe the surface spin polarization which due to the double exchange mechanism exhibits a distinctly different temperature dependence than the bulk magnetization. a) robert.reeve@dunelm.org.uk 1 arXiv:1302.5600v2 [cond-mat.mtrl-sci]
with a small uniaxial component, consistent with magneto-optic Kerr effect measurements. We also determine the domain transition profile and find it to be in agreement with previous estimates of the domain wall width in this material. The temperature dependence of the image contrast is investigated and compared to superconductingquantum interference device magnetometry data. A faster decrease in the SEMPA contrast is revealed, which can be explained by the technique's extreme surface sensitivity, allowing us to selectively probe the surface spin polarization which due to the double exchange mechanism exhibits a distinctly different temperature dependence than the bulk magnetization. • C and 100mbar oxygen pressure for one hour and cooled down slowly at the same pressure. To prevent water vapor adsorption the samples were rapidly transferred ex-situ to our UHV SEMPA preparation and analysis system while still warm.
The Omicron SEMPA system consists of a UHV Gemini scanning electron microscope in conjunction with a spin polarized low-energy electron diffraction (LEED) spin detector surface segregation as observed in some previous studies 4 , are insignificant for our samples.
This shows that in contrast to all materials that we have previously studied (3d metals, T c , the domain structure was observed to change. The new domain structure from the same region of the sample is displayed in panel (b). The magnetization is now largely featureless in this region, however, some striped features remain which bear a striking resemblance to those observed previously. By comparing the images to the crystallographic orientation of the substrate determined using X-ray diffraction, depicted in (a), it can be seen that the axis of the stripes corresponds to one of the principle axes, implying that the substrate morphology is influencing the domain structure, with step edges acting as pinning sites.
High resolution images of the magnetization from elsewhere on the sample, after the change of domain structure, can be seen in Figure 2 . In (b) an integrated Gauss function has been fitted to a line scan across a domain wall, revealing a transition region of 35±3 nm, which compares favourably with estimates of the domain wall width in this material (∼ 30 − 55 nm 22, 23 ). Furthermore, it can be inferred that a largely four-fold anisotropy exists in the films, as schematically indicated by the arrows in enlarged images of panel (a). To understand and corroborate the relationship between the observed domain structure and the inherent magnetic properties of the films, the hysteretic behavior of the films was probed using the magneto-optic Kerr effect (MOKE), at ambient conditions. The MOKE loop coercivity and squareness (the ratio of the signal at remanence to that at saturation) as a function of the angle of the sample with respect to the applied field are presented in Figure 3 . The data confirm a primarily four-fold magnetic anisotropy, with the easy axes of the films aligned approximately with the in-plane 100 crystal axes. Additionally a small uniaxial contribution to the magnetic anisotropy can also be discerned from the symmetry of the coercivity plot. The anisotropy has previously been shown to be very dependent on the level of tensile or compressive strain in the films, which originates from the mismatch with the substrate 3, 18, 24, 25 . A uniaxial component to the magnetic anisotropy has also been noted before and correlated to the presence of steps from the substrate, as seen with atomic force microscopy 10, 18, 26 . Depending on the exact film substrate, thickness 10 or temperature either the biaxial or uniaxial anisotropy dominate the behaviour. In our 50 nm film there appears to be a competition between these two components, in good agreement with Ref.
10
where a change from a uniaxial domain structure to a fourfold one was imaged as the film thickness was increased from 20 to 120 nm. Overall the room temperature MOKE data show good agreement with the low temperature LSMO SEMPA imaging, supporting both a dominant four-fold anisotropy and an influence of the substrate on the domain pattern.
Finally our setup uniquely allows us to study the surface spin polarization as a function of temperature. The SEMPA contrast, meanwhile, can be described by a linear decrease as indicated by the regression line. Contrast is still directly discernable up to around 260K and by extrapolating the trend-line the contrast may be expected to completely vanish at 314±15 K, in agreement with the T c obtained from the SQUID measurements. Nevertheless, the linear decrease in 7 contrast clearly corresponds to a faster decay than the bulk magnetization.
The linear decrease must be directly related to the spin polarization of the secondary electrons originating from the film, since a change in the spin-dependent scattering at the detector crystal can be ruled out due to our excellent chamber pressure and frequent checks and flash cleaning of the scattering crystal 19 . The discrepancy can be explained by the extreme surface sensitivity of SEMPA imaging which means we probe only the surface magnetization of the film. Previous studies have revealed that the surface magnetism of perovskite manganites 27, 28 can exhibit a faster decay with temperature than bulk magnetization and in the case of LSMO a similar linear-like decrease has been observed in spin-resolved photoelectron spectroscopy data 29 . In such a material, the ferromagnetic alignment arises from the double-exchange mechanism, involving electron hopping between mixed valence manganese ions. The reduced symmetry of the surface restricts such hopping and this, in turn, can lead to a suppression in the surface magnetism 30 with a different temperature dependence than that of the bulk. In particular the 3d electrons show this reduced spin polarization 29 and since it is the spin polarization of the 3d electrons that in turn leads as a first approximation to the spin polarization of the charge carriers at the Fermi level, which dominate our signal, we can explain our findings by this mechanism. This shows that by SEMPA we can probe distinct spin polarization properties that do not necessarily reflect the bulk magnetization and thus deduce complementary information about the spin polarization in a spatially resolved manner.
In conclusion, we have demonstrated the ability to measure the domain structure of LSMO films using SEMPA in a technologically relevant thin film geometry, to our knowledge for the first time. Unusually the imaging did not necessitate prior surface preparation, implying a high quality and stability of the grown films, which is an important attribute in terms of the use of LSMO in future applications. The magnetic characterization measured a domain transition profile of around 35 nm and revealed a primarily four-fold anisotropy with easy axes along the 100 crystallographic directions. Additionally a small influence of substrate steps and terraces is suggested from both the SEMPA images and a uniaxial component of the anisotropy observed in MOKE measurements. Furthermore, the temperature dependence of the SEMPA images has been compared with the magnetization from SQUID data, revealing a faster decrease with temperature for the magnetization at the surface of the film. This result, which can be attributed to the suppression of electronic hopping at the surface, combined with the high spatial resolution of the images, highlights our ability to locally probe the surface-interface properties of the films which often govern properties of paramount importance for future devices based on spin transport across interfaces. In this regard, the rapid decay of the surface magnetization represents a potential limit to future device efficiencies in the vicinity of room temperature as it supports the theory that the similar rapid decay observed in MR signals arises from the fundamental properties of the surface 16, 17 .
The next step is to extend our imaging to patterned samples in order to further investigate the interplay between the magnetization and geometrical confinement in this material. 
